Recent experiments on voltage-driven magneto-electric (ME) switching of ferromagnets has shown potential for future low-energy, high-speed, nonvolatile spintronic memory. In this letter, we first analyze two different ME devicesan ME magnetic-tunnel-junction (ME-MTJ) device and an ME-XNOR device-with respect to writability, readability, and switching speed. The basic operational principle of ME devices is the fact that, by applying appropriate voltage pulses on the ME oxides in contact with their respective ferromagnets, a 180°switching of the magnetization direction can be achieved. Our analysis is based on a coupled stochastic magnetization dynamics and electron transport model. Subsequently, we show that the decoupled read/write path of ME-MTJs can be utilized to construct an energy-efficient dual-port memory, which can be instrumental in improving the memory throughput. Furthermore, we also propose a novel nonvolatile, content-addressable, memory that exploits the compact XNOR operation enabled by the ME-XNOR device.
I. INTRODUCTION
Magnetoresistive memory, based on current-driven spin-transfer torque (STT) [Noguchi 2015] , has attracted immense research interest due to its nonvolatility, almost unlimited endurance, and areaefficiency [Fong 2012 ]. However, STT-based memory suffers from inherent low switching speed and high write-energy consumption [Jaiswal 2016a ]. The high switching energy requirement for STTbased memory can be attributed to the current-driven switching of the ferromagnets. Although, novel physics like the spin Hall effect (SHE) [Liu 2012 ] has been used to improve the spin generation efficiency, thereby lowering the required switching energy, the current-driven nature of the SHE results in relatively high energy consumption. As such, voltage-driven reversal of the magnetization direction has attracted considerable research interest, in an attempt to lower the write energy of spintronic devices.
Recently, the voltage-induced magneto-electric (ME) effect has shown potential for fast and energy-efficient switching of ferromagnets [Fiebig 2005 ]. The core of the research work on the ME effect has been driven by the so-called multiferroic materials. Multiferroics inherently exhibit more than one-order parameters (e.g., materials possessing ferromagnetism as well as ferroelectricity and/or ferroelasticity) [Spaldin 2005 ]. The coupling between such order parameters allows to control the one-order parameter, e.g., the ferromagnetism of a material through another order parameter like the effect of applied voltage on ferroelectricity or ferroelasticity [Ramesh 2014 ].
Devices based on such multiferroic materials are expected not only to have low switching energy consumption but also better switching speed than the conventional current-driven spintronic devices. Therefore, many device proposals for memory [Hu 2011 , Sharma 2015a and logic applications [Manipatruni 2015 , Sharma 2015b , Jaiswal 2017 of the ME effect can be found in the literature. In this letter, we explore two different ME devices and propose novel memory configurations using some of the characteristics exhibited by these devices. Specifically, the key contributions of our paper are as follows.
We analyze two voltage-driven spintronic devices based on the ME effect: an ME-magnetic-tunnel-junction (ME-MTJ) device [Sharma 2015b ] device and an ME-XNOR device [Sharma 2015b , Jaiswal 2017 device with focus on memory applications. Specifically, we analyze these devices with respect to writability, readability, and switching speed. We propose two novel nonvolatile energy-efficient memory-1) a dual-port memory that utilizes the decoupled read and write path of ME-MTJs and 2) a content-addressable memory (CAM) based on the compact XNOR operation enabled by an ME-XNOR device. Our results are based on a coupled stochastic magnetization dynamics implemented through the well-known Landau-Lifshitz-Gilbert (LLG) equation and a nonequilibrium Greens function (NEGF) electron transport model.
II. ME EFFECT
Various single-phase [Ramesh 2014 ] and composite multiferroic materials [Wu 2015] have been experimentally demonstrated to exhibit the ME effect. ME-based switching is due to exchange bias coupling in single-phase materials [Wu 2013 ] and is usually due to strain coupling [Wu 2015] in case of composite materials. For example, in single phase BiFeO 3 , due to the coupling between the ferroelectric polarization, the (anti) ferromagnetism of BiFeO 3 , and the ferromagnetism of an underlying nanomagnet, the magnetization of the nanomagnet can be switched by application of an electric field [Heron 2014] . Similarly, strain-coupled magnetization reversal in PMN-PT (lead magnesium niobate-lead titanate or (1-x)[PbMg 1/3 Nb 2/3 O 3 ]-x[PbTiO 3 ]) has been proposed in [Wu 2015] .
Note, since multiferroics in general, and ME effect in particular, is currently an area of intense research investigation, we do not follow a particular material set or experiment. Rather, in this letter, we treat the ME effect by a generic parameter referred to as the ME coefficient The ferromagnets in contact with respective ME oxides can be switched by applying appropriate voltages across the ME oxides. The direction of switching can be reversed by changing the polarity of the applied voltage. Due to shape anisotropy, the easy axis of the ferromagnets lies along the ±x axis.
(α ME ) [Heron 2014 , Manipatruni 2015 , Jaiswal 2017 (explained later in the manuscript). Such an abstraction of the ME effect is justified, since the aim of the present letter is not to explore the various physical phenomena driving the ME effect. Instead we intend to examine the implications of ME-based devices with focus on memory applications.
III. ME DEVICES UNDER CONSIDERATION
Out of the various possible ME switching mechanisms, in this letter, we would focus on the exchange bias coupled devices. The basic phenomenon driving the switching process is the fact that the exchange bias field can be reversed from one direction to another by application of an electric field [Wu 2013] . For the devices shown in Fig. 1(a) and (b), let us assume the ferromagnet has an in-plane easy axis due to the shape anisotropy. When an external voltage is applied, based on the voltage polarity, the generated exchange bias field either points in the +x or the −x direction. If the generated ME field is strong enough to overcome the in-plane anisotropy, the magnetization direction switches under the influence of the exchange bias field.
We consider two ME-based devices-ME-MTJ [Sharma 2015b ] and ME-XNOR [Sharma 2015b , Jaiswal 2017 , with focus on memory applications. ME-MTJ consists of an MTJ in contact with an ME oxide underlayer as shown in Fig. 1(a) . The MTJ itself is composed of a pinned layer (PL), a free layer (FL), and an oxide spacer (usually MgO [Butler 2001] ). Depending on the orientations of the FL and the PL, the ME-MTJ can be in either a low-resistance parallel (P) state or a high-resistance antiparallel (AP) state. The normalized difference in the resistances of the AP and P state is expressed by the tunnel magnetoresistance (TMR) ratio of the MTJ.
In order to switch the ME-MTJ from the P (AP) to AP (P) state a positive (negative) voltage exceeding a certain threshold needs to be applied on terminal 1 in Fig. 1(a) . The metal contact to the ME oxide, the ME oxide itself, and the FL of the MTJ can be considered as a capacitor. On the other hand, the value stored in the ME-MTJ can be read by sensing the resistance between terminals 1 and 2.
In Fig. 1(b) we show the ME-XNOR device. The ME-XNOR device consists of two FLs separated by MgO and in contact with respective ME oxides. If the voltage polarity on terminals 1 and 2 are the same, the MTJ stack would be in P state (measured between terminals 3 and 4), whereas a different voltage polarity on the two terminals would lead to an AP state. Thus, the proposed device emulates an XNOR functionality. ME-XNOR devices in previous works have been used for logic applications [Jaiswal 2017 ]. In this letter, we would later show that ME-XNOR device can be used to construct an energy-efficient CAM. In the next section, we describe the simulation model.
IV. DEVICE MODELING
Under monodomain approximation, magnetization dynamics can be modeled using the LLG equation, which in its implicit form is expressed as [Gilbert 2004 , d'Aquino 2005 
where H EFF is the effective magnetic field. H EFF is the sum of the demagnetization field [Aharoni 1998 , the interface anisotropy field [Jaiswal 2016a ], and any other external field.m is the unit magnetization vector, γ is the gyromagnetic ratio, and α is the Gilbert damping constant. The demagnetization field is expressed as
where m x , m y , m z are the directional components of the magnetization vector. N xx , N yy , N zz are the demagnetization factors and were calculated based on analytical equations presented in Liu [2012] . The interfacial anisotropy field is modeled using a uniaxial field [Manipatruni 2015]
where K i is the energy density for interface perpendicular anisotropy and t FL is the FL thickness. The thermal noise is modeled using the Brown's model [Brown 1963 ] and is accounted for by expressing a contributing field to H EFF as
where ζ is a vector with components that are zero mean Gaussian random variables with standard deviation of 1. V is volume of the FL, T is the temperature, k is the Boltzmann's constant, and dt is the time step. The ME effect can be included in H EFF by writing the ME field as [Manipatruni 2015 ]
where the ME constant is α ME [Nikonov 2014 ], E is the electric field, and V M E is the voltage across the ME capacitor.
Equation (1) can be solved numerically through the Heun's method [Scholz 2001 ]. In addition, we used the NEGF formalism [Fong 2011] for estimation of the resistance of the MTJ stack as a function of applied voltage and the magnetization directions. Note that, as ME switching is currently an active area of research, various pathways are being explored to achieve pure voltage-driven switching in ferromagnets [Borisov 2005 , Heron 2014 , Gao 2017 . Given the fact that multiple pathways are being explored for ME switching, the use of the parameter α ME allows us to present the readability/writability trends for futuristic ME memories without explicitly relying on one particular pathway or material system. Although the actual switching mechanism for each material system would dictate the exact behavior of magnetization dynamics, we believe that the trends presented in this letter should remain valid. Fig. 2. (a) Switching probability versus voltage applied across the ME capacitor. The larger the ME coefficient, the lower is the voltage required to switch the direction of magnetization. (b) Failure probability obtained versus voltage. Each point on the graph was obtained by 1000 simulations of the stochastic LLG equation. The voltage was applied for a duration of 500 ps and the state of the magnet was investigated after the application of the voltage pulse to verify if the magnet has switched within the applied pulse duration. 
V. DEVICE CHARACTERISTICS

A. Writability
Writing into ME devices is accomplished by application of appropriate voltages across the ME capacitor. An important parameter that dictates the write voltage and hence the write energy is the ME coefficient (α ME ). α ME is the ratio of magnetic field generated per unit applied electric field [Heron 2014 ]. Experimentally, various ME materials have shown α ME in the range 0.1/c to 1/c (c is speed of light) [Nikonov 2014 ]. In Fig. 2(a) , we plot the switching probability as a function of voltage across the ME capacitor for different values of α ME . It can be seen that ME materials with high α ME are desirable for achieving low write energy.
B. Readability
In a memory configuration, a CMOS transistor is used in series with the storage device. Therefore, the bit-cell TMR, i.e., the TMR of the device with the series resistance of the CMOS transistor, is a more relevant metric for the sensing margin as opposed to the device TMR. In Fig. 3(a) , we have shown the bit-cell TMR as a function of MgO thickness assuming a 45 nm PTM transistor in series with varying width/length (W/L) ratios. It can be seen that a higher value of MgO thickness is required to increase the bit-cell TMR and reduce the parasitic effect of the transistor series resistance [Amiri 2011 , Jaiswal 2016a . For the ME devices, due to the decoupled read/write paths, the thickness of the MgO oxide can be increased without degrading the write efficiency (which is dictated by the ME oxide). Thus, the decoupled read/write paths for ME devices allows for better sensing due to increased bit-cell TMR. The increase in resistance of the MTJ also helps to reduce the read disturb failures, due to reduced current flowing through the MTJ during the read operation [Fong 2012 ]. The higher MTJ resistance, however, adversely affects the read access speed of the bit-cell. This increase in read delay results from the fact that the RC time constant (where R is effective bit-cell resistance and C is the bit-line capacitance) increases with increase in the MgO thickness. We estimated the parasitic C for a 128 × 128 memory subarray using the tool CACTI [Muralimanohar 2009 ]. In Fig. 3(a) , we have plotted the RC time constant for the MTJ in the P and AP state as a function of the oxide thickness. It can be observed that beyond 1.5 nm the RC time constant becomes greater than 500 ps. Therefore, for fast read operations, the MgO thickness should be kept below 1.5 nm. For the results presented later in the letter, we have kept the MgO thickness to 1.4 nm. The P resistance of the MTJ for some of the typical oxide-thickness values are reported in Table 2 .
C. Switching Speed
Although, a detailed switching dynamics for ME devices is still under research investigation [Heron 2014 ], yet it is expected that ME switching would be much faster as compared to STT switching [Nikonov 2014 ]. This is because ME switching dynamics behaves as if the magnetization direction is being switched by an external field that does not require an incubation delay [Mojumder 2012 ] to initiate the switching process. In Fig. 3(b) , we have shown a typical three-dimensional (3-D) trajectory of the ME switching mechanism, based on the model presented in Section IV. It can be seen that if the applied electric field is strong enough, the magnetization vector starts switching without any initial incubation delay. In our simulations for an α ME of 1/c, complete reversal was obtained within 500 ps. 
VI. ME MEMORY DESIGN
A. ME Dual-Port Memory
The proposed dual-port memory using ME-MTJs is shown in Fig. 4 . Each bit-cell consists of one ME-MTJ and two transistors. The transistors connected to WWLs are the write transistors and those connected to RWLs are the read transistors. Data can be written into the ME-MTJs by activating the write transistors of a particular row and applying appropriate write voltages (positive or negative) on WBLs. Similarly, for reading out the data, the read transistors of a given row are activated and a read voltage is applied on RBLs. The current flowing through the bit-cell is then compared with a reference to sense the current state of the ME-MTJ.
A dual-port memory is characterized by simultaneous read and write operations, i.e., while one row of the memory array is being read simultaneously another row of the memory array can be written into, thereby, improving the memory throughput [Seo 2016 ]. The dual-port nature of the proposed ME-MTJ memory can be explained as follows. Let us consider row-1 in Fig. 4 is being written into. The write transistors corresponding to row-1 would be activated, and by application of proper voltages on WBLs, a P or an AP state can be written into the ME-MTJs. Simultaneously, the read transistors corresponding to row-2 are activated, and by sensing the current flowing through the RBLs, the state of the ME-MTJs connected to row-2 can be sensed. Our simulations indicate, write energy consumption per bit of 0.072 fJ for α ME = 1/c and read energy consumption of 3.6 fJ for read voltage of 200 mV and read time of 1 ns. For the present proposal ME switching enables two orders of magnitude improvement in write energy and 8× improvement in switching speed as compared to STT-based MTJs ], in addition to improved TMR and throughput.
B. ME CAM
The ME-XNOR-based CAM cell is shown in Fig. 5(a) . The function of M1 is to selectively provide the ME-oxide capacitor with a ground connection when the data input line (D in ) is activated. In the read circuit, a reference MTJ (Ref MTJ ) forms a voltage divider with the resistance of the MTJ (R MTJ ). The match signal is obtained at the drain of p-MOS M2 (denoted by node match), where a low voltage indicates a match is obtained and vice-versa. The node match is precharged to V DD . The strengths of the n-MOS and the p-MOS transistors, connected 'to the match line, are adjusted such that even one activated p-MOS in a row is enough to maintain the output node in its precharged state. The operation of the circuit can be divided into three modes: 1) write mode, 2) data input mode, and 3) read mode. To write data in the lower (upper) ferromagnet, a write pulse corresponding to bit "1" (positive voltage) and "0" (negative voltage), respectively, is applied on the BL (D in ) with the WL (DWL) activated. If the digital bit written in the lower ferromagnet is the same as the data to be matched (stored in the upper ferromagnet), the MTJ switches to a low-resistance state. Finally in the read mode, a read pulse of 1 V (V READ ) is applied for the read process. The output of the inverter goes "high" only if the MTJ is in a low-resistance state, indicating that the bit written in the top magnet in mode (ii) matches the bit stored in the bottom magnet. Matching of all bits in a row turns all the p-MOS OFF and match goes low, indicating that a match is found. The write and read energy per bit was found to be 0.072 and 15 fJ, respectively, indicating two orders of magnitude improvement in write energy and comparable read energy as compared to previous works as in Wang [2015] (see Table 3 ).
VII. CONCLUSION
The prospects of achieving voltage-driven switching of magnetization has renewed the interest for future low-power nonvolatile spintronic memories. In this letter, we first analyze the writability, readability, and switching speed of devices based on the ME effect. Furthermore, we propose two energy-efficient memories using the ME devices. The proposed dual-port memory allows for energy-efficient write operations in addition to faster speed and improved TMR and throughput. The proposed CAM requires lesser number of transistors due to the compact XNOR operation enabled by the ME XNOR device, resulting in an area-efficient as well as energy-efficient CAM.
